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Abstract.

The acoustic emission (AE) technique is utilized to estimate the rock failure status in underground spaces.

Understanding the AE characteristics under loading conditions is essential to ensure the reliability of AE monitoring. The AE
characteristics depend on the material properties (p-wave velocity, density, UCS, and Young’s modulus) and damage stages
(stress ratio) of the target rock mass. In this study, two groups of granite specimens (based on the p-wave velocity regime) were
prepared to explore the effect of material properties on AE characteristics. Uniaxial compressive loading tests with an AE
measurement system were performed to investigate the effect of the rock properties using AE indices (count index, energy index,
and amplitude index). The test results were analyzed according to three damage stages classified by the stress ratio of the
specimens. Count index was determined to be the most suitable AE index for evaluating rock mass stability.
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1. Introduction

Underground spaces have been broadly utilized to
dispose of unwanted materials, such as high-level
radioactive waste (HLW), because underground rock
masses provide environmentally or socially isolated
conditions (Costin 1997, Siren et al. 2015, Wang et al.
2018). The HLW repository is composed of a primary
barrier (i.e., bentonite buffer) and a secondary barrier (i.e.,
surrounding rock mass) to restrain the release of
radionuclides (Kim et al. 2018). In particular, granite rock
materials that have low permeability and high strength are
considered the primary target site of the HLW repository
(Hudson et al. 2013). To protect the HLW during decay, the
disposal site has been designed to operate in the
underground space for more than ten thousand years
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(Fairhurst 2004, Zhang et al. 2020a). Therefore, monitoring
the stability of rock masses during unexpected risks (e.g.,
earthquakes or decay heat) is essential.

To ensure the mechanical stability of a rock mass, non-
destructive testing (NDT) methods have been applied to
investigate the damage location or state of the rock mass.
The NDT methods are used to inspect the status of materials
without damage and are based on mechanical oscillation,
radiation, optical, electric, and electro-magnetic (Howard
1991). Among them, the acoustic emission (AE) technique
has been used to evaluate the damage location and damage
level in rock engineering fields, as shown in Table 1. The
AE technique uses elastic waves with a high-frequency
band (5-500 kHz) generated by cracking inside a rock mass
(Ishida et al. 2017). It is a valuable technique to monitor the
stability of underground rock masses because the rock has
limited accessibility for inspection compared with the
surface (Fu and Tang 2021, Zhang et al. 2021).

AE characteristics depend on the mechanical properties
(e.g., uniaxial compressive strength (UCS) and elastic
modulus) and damage stages (e.g., crack development or
energy conservation theory) of the rock mass. Considering
the mechanical properties of the rock mass, the number of
AE hits increases with a decrease in the UCS and Young’s
modulus under uniaxial compressive loading conditions
(Petruzalek et al. 2019, Wang et al. 2020). Since small-
scale deformations mainly occur for specimens with low
UCS and Young’s modulus, a large number of AE hits are
continuously generated for the rock specimens during the
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Fig. 1 Granite specimens for uniaxial compression test

Table 1 Literature review for AE application to investigate the behavior of rock mass

Evaluating Used AE
Reference Test method characteristics with AE parameters Rock type
Aker et al. (2014) *TCS Source location Arrival time Sandstone
Fluid injection,
Stoeckhert et al. (2015) TCS Cyclic loading, Amplitude Sandstone
Source location
Lei et al. (2016) TCS Source location Event, b-value Granite
Gong et al. (2017) TCS Confining pressure Frequency Limestone
Event, Energy, Count,
Cao et al. (2019) *UCS Loading rate Amplitude, Sandstone
Peak frequency
Li et al. (2019) ucs Failure level, Count, Sandstone
Source location Frequency
Direct Event, Energy, .
Meng et al. (2019) shear test Shear rate b-value Granite
Energy conservation Count, Energy, ASL, .
Wang et al. (2019) UCS, TCS theory Amplitude Limestone
Zhang et al. (2019) ucs Failure 1ev§1, Event, Count, Energy, Granite
Source location Frequency
UCS, Temperature, .
Zhu et al. (2019) Brazilian test Cyclic loading Count Granite
Duration,
Zhang et al. 2020b ucs Failure level Count, Energy, Granite
Amplitude,
Frequency

"TCS: Triaxial compressive strength test, “UCS: Uniaxial compressive strength test

compressive loading process. In addition, b-value, which
indicates the relationship between the amplitude and
number of AE hits, increases with UCS under tensile
loading conditions (Nejati and Ghazvinian 2014). These
results indicate that large-scale fracture is greater in
specimens with a higher UCS.

The AE characteristics are also influenced by the
damage stages, such as damage level or deformation stage,
with in the rock mass (Niu et al. 2023). When subjected to
compressive loading conditions, rock specimens undergo a
series of crack development stages, including initial crack
closure, new crack generation, crack expansion, and

ultimate failure (Nicksiar and Martin 2012, Xue et al. 2014).

These distinct damage stages can be identified through the
analysis of AE parameters, including hit, count, and the
intensity of AE signals, particularly under compressive
loading conditions.

Recent studies have highlighted the significance of AE
parameters, such as hit, count, energy, and b-value, in
delineating damage stages during compressive loading tests
(Zhao et al. 2013, Kim et al. 2015, Li et al. 2022). However,
previous research has primarily focused on investigating
damage stages using AE parameters in relation to limited
material properties, such as mechanical and physical
properties, of the rock. It is important to note that variations
in material properties can significantly affect strain
behavior and crack occurrence in rocks, leading to diverse
patterns of AE generation by cracking.

In this study, a uniaxial compressive test was performed
with an AE system to analyze the AE characteristics
according to the damage stage of the granite specimens. The
granite specimens were classified into two groups based on
the p-wave velocity. In addition, the AE characteristics
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Fig. 3 Experimental setup for AE measurement during uniaxial compression test

Table 2 Material properties of specimens

Specimen [IZ;’S] [ g/cp m?] [l\li[gi] [Gf’a] Note
R1 2,416.7 2.62 18.8 3.49
R2 2,669.0 2.62 64.5 12.81 Group A
R3 2,680.7 2.89 22.1 3.02
R4 4,614.5 2.73 60.4 36.05
R5 4,738.0 2.79 66.9 66.23
R6 5,241.4 292 143.8 48.59 Group B
R7 5,637.8 3.06 102.0 60.36
RS 5,833.3 292 142.6 53.34

V,: P-wave velocity, p: Density, UCS: Uniaxial Compressive Strength, E:
Young’s modulus

were considered as count index, energy index, and
amplitude index to evaluate the damage stage according to
rock properties (i.e., p-wave velocity, density, uniaxial
compressive strength, and Young’s modulus). Finally, an
effective AE parameter was suggested to monitor the

stability of granite, considering the damage stage with the
stress ratio (applied stress per maximum strength). This
study is expected to be useful for evaluating the damage to
underground spaces with various rock properties of granite
based on the AE technique.

2.2 Test setup and procedure

Fig. 3 shows the acoustic emission measurement system
setup with uniaxial compressive loading. A uniaxial
compressive test was performed with an AE system to
investigate the AE characteristics according to the applied
vertical stress. The loading rate was set to 0.1 mm/min to
induce failure of the rock specimen within 15 minutes
during the compressive loading test (ASTM 2002). Two
strain gauges were installed to obtain the strain rate along
the diameter and length directions on the surface of the
specimen.

The acoustic emission measurement system consists of
sensors, a pre-amplifier, a data acquisition system, and a
system controller. The data acquisition and controller
(Micro-II Express-Express 8 manufactured by Physical
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Fig. 5 Crack development phases during uniaxial compression of rock specimen (Xue et al. 2014)

Acoustics, PAC) were used to obtain the AE signals from
the cracking event in the rock specimen. An analog filter
with a range of 1-400 kHz was used in this system. The
threshold was set to 40 dB, which resulted in a high signal-
to-noise ratio obtained in the pre-test. For the AE hit
definition, the hit lockout time (HLT), hit definition time
(HDT), and peak definition time (PDT) were set to 1,000 ps,
200 ps, and 800 ps, respectively. In addition, a preamplifier
(2/4/6 manufactured by PAC) was used to amplify the raw
AE signal from the sensor. It is set to 40 dB gain to amplify
the amplitude of the acoustic signals in this study. Sensors
(Nano 30 manufactured by PAC) were used to obtain the
AE signals induced by compressive loading in the specimen.
The operating range and resonant frequency of the sensor
were 120-750 kHz and 230 kHz, respectively.

To minimize data loss owing to the decoupling effect
(e.g., detached sensor) during the loading process, six AE
sensors were attached to the surface of the specimen to
measure the AE hits in this study (Fig. 4). All sensors were
mounted with high-vacuum grease as a coupling material
tominimize attenuation between the sensor and specimen.

The sensor array was set according to previous studies
on cylindrical specimens (Chang and Lee 2004, Lei et al.
2016, Cao et al. 2019). A pair of sensors were installed at
the same height at the top, middle, and bottom positions of
the specimen (Fig. 4). Additionally, sensors at the same
height were installed opposite the position at a degree of
180 along the diameter of the specimen.

2.3 Determination of damage stage for rock
specimen

Under uniaxial compressive loading conditions, the
damage stages of the rock specimens with crack
development patterns are described as follows: (1) elastic
region, (2) plastic region with stable crack growth, and (3)
plastic region with unstable crack growth (Xue et al. 2014).
Fig. 5 shows the general crack development under uniaxial
loading conditions in the stress-strain curve. Initially, elastic
deformation occurred as axial stress was applied to the
specimen in elastic region. This implies that the crack
volumetric strain was zero (i.e., no crack generation).
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Table 3 Results of stress and normalized vertical strain according to the stress ratio in specimens

Specimen Stress ratio [%] Stress [MPa] Normalized vertical strain [%]
50 9.3 46.4
R1 85 16.0 89.1
100 18.8 100
50 32.1 22.0
R2 85 54.8 66.8
100 64.5 100
50 11.2 12.9
R3 85 18.8 53.6
100 22.1 100
50 30.2 52.2
R4 85 51.3 82.3
100 60.4 100
50 333 40.7
R5 85 56.9 70.0
100 66.9 100
50 69.7 45.6
R6 85 122.1 78.1
100 143.8 100
50 50.9 49.6
R7 85 86.3 84.6
100 102.0 100
50 71.9 54.2
R8 85 122.4 84.6
100 142.6 100
Subsequently, plastic deformation, in plastic region, UCS), ¢ is the vertical strain, and &pqx is the maximum

occurred with new crack generation by continuous axial
loading. After that, unstable plastic deformation occurred
with crack expansion and connection.

The characteristics of the crack development patterns
depend on the UCS of the rock specimens (Chang et al.
2007, Nicksiar and Martin 2012, Petruzalek et al. 2019).
The elastic deformation occurred at 50% of the UCS for the
granite specimens. In addition, plastic deformation with
stable crack growth occurred at 50-85% (new crack
generation) and with unstable crack growth occurred at 85—
100% (crack expansion and ultimate failure) of the UCS. In
this study, the AE characteristics were analyzed according
to three stages divided by normalized uniaxial loading from
each specimen: 0-50%, 50-85%, and 85-100% UCS. Table
3 lists the stress and normalized vertical strain at 50%, 85%,
and 100% stress ratios for all test specimens. The stress
ratio and normalized vertical strain can be explained as Egs.
(1) and (2)

Stress ratio = 0/0,q, X 100 [%] (1

Normalized vertical strain = &/&nq, X 100 [%] 2)

where o is the vertical stress, oyq 1S the maximum vertical
stress at ultimate failure (i.e., uniaxial compressive strength,

vertical strain at ultimate failure.
2.4 Analysis Index: AE Parameter per unit Hit

The AE signal can be analyzed using time-domain
parameters and frequency-domain parameters (Grosse and
Ohtsu 2008). The time-domain parameters are identified as
electrical signal characteristics (i.e., voltage) in the time-
voltage graph, such as rise time, count, energy, and
amplitude. Meanwhile, the frequency-domain parameters
indicate the frequency characteristics of the acquired AE
waves in the power-frequency spectrum, such as the peak
frequency and frequency centroid.

Among these parameters, count, energy, and amplitude
were selected to evaluate the damage stages of the rock
specimens in this study. These parameters have been
identified as effective for analyzing the damage
characteristics of rock during compression test to induce
failure of rock samples (Gu et al. 2019, Li et al. 2019, Sun
et al. 2019). Fig. 6 illustrates the definition of the count,
energy, and amplitude from the AE wave in the time-
voltage graph, where the count indicates the number of
points that exceed the threshold in the AE wave (blue dot in
Fig. 6). Energy refers to the sum of the areas in the AE
wave exceeding the threshold (red zone in Fig. 6). The
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amplitude indicates the maximum voltage of the AE wave
(green line in Fig. 6).

The AE parameters varied according to the loading level.

In addition, the AE parameters dramatically increase when
partial deformation or ultimate failure occurs by an external
force, regardless of the damage stage (Tham et al. 2005,
Vilhelm et al. 2008). Therefore, it is challenging to evaluate
AE characteristics according to the damage stage using
conventional AE parameters, such as count, energy, and
amplitude. For this, the AE parameter per unit AE hit,
hereafter the AE indices (i.e., count index, energy index,
and amplitude index), was used as the analysis index for the
characteristics of the damage stage in this study. The AE
index can be expressed as Eq (3)

n
AE index = (Z ith AE parameters)/n (i=123,.n) (3)
i=1

where i th AE parameters is the parameter (i.e., count,
energy, and amplitude) values of the AE hit that occurred
for the i-th time.

AE signals generally occur with high strain energy and
amplitude when the normalized axial stress increases (Kim
et al. 2015). The analysis index can quantitatively represent
the variation in AE parameters according to the damage
stage because the analysis index denotes the value for one
AE hit. This study used the AE index to evaluate the
damage stage with a normalized axial stress (i.e., stress
ratio) for the rock specimen. o4 is the maximum vertical
stress at ultimate failure.

3. Results and analysis of AE data

3.1 Characteristics of AE Hit occurrence

The AE characteristics were analyzed using cumulative
AE hits according to the stress ratio. To compare the

characteristics of AE hit occurrence for groups A (R1-R3)
and group B (R4-R8), the cumulative AE hits were plotted

with the stress ratio for all rock specimens. The stress ratio
is defined as the stress value divided by the maximum stress
of the vertical axis (6/6max x 100 [%]), which corresponds to
the ultimate failure of each rock specimen (R1-RS).
Similarly, the cumulative AE hit refers to the rate of AE hit
occurrence per total AE hit measured from each specimen
and sensor position (i.e., T1, T2, M1, M2, B1, and B2), as
shown in Table 4. Some AE sensors were decoupled during
the uniaxial loading process in specimens R1, R6, R7, and
RS, and the decoupled sensor data were ignored in the
analysis of the AE characteristics. In this study, the AE
behavior characteristics were analyzed based on data
obtained from perfectly coupled sensors on the specimens.

The cumulative AE hits increased with an increase in the
stress ratio (Fig. 7) for both group A (low p-wave velocity)
and group B (high p-wave velocity) specimens. In
particular, the cumulative AE hit increased dramatically
when the stress ratio approached 100% (near-ultimate
failure). This tendency of the observed AE hit occurrence
has been shown in previous research (Tham e al. 2005,
Vilhelm et al. 2008). Large quantities of AE hits are
generated when the stress level is close to the UCS of the
specimen because of rapid macro deformation.

For specimens with high p-wave velocities (group B),
AE hits were mainly generated when the stress ratio
approached 100%. The cumulative AE hit was observed to
occur initially at 50-60% of the stress ratio for group B
specimens (R4-R8) (Fig. 7). Subsequently, the cumulative
AE hit increased sharply at 80-90% of the stress ratio. In
particular, the proportion of AE hits increased by 66—-95%,
exceeding 85% of the stress ratio. In contrast, the
cumulative AE hits tended to increase gradually when the
stress ratio increased for group A (R1-R3).

3.2 Characteristics of count index
The count index is defined as the cumulative count

divided by the number of AE hits (i.e., count per unit AE
hit). It is useful to analyze the variation of “count” with the
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increase in strain during compressive loading. Fig. 8 shows
the results of the count index [-] according to the stress ratio
for all specimens. The count index increased with the stress
ratio. When the stress ratio approached 100% (near ultimate
failure), the average count increased significantly for all
specimens.

Given the results, the value of the count index was in the
range of 10—25 with the stress ratio for specimens of group
A (R1-R3) (Fig. 8). When the stress ratio approached
100%, the count index increased sharply and was in the
range of 20—45 at ultimate failure. In contrast, the count
index was in the range of 10—40 with the stress ratio for the
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specimens of group B (R4—R8). In addition, the count index
increased suddenly in a larger range of 40—60 when the
specimens were partially and ultimately deformed during
compressive loading.

The count index of the group B specimens tends to vary
sensitively and has a high value. Group A showed
insignificant variation in the count index according to the
stress ratio, except for a slight increase at ultimate failure.
However, for group B, the count index tended to vary
sensitively. In addition, the count index was approximately
1.9 times greater in group B than in group A; the count
index was approximately 2.2 times greater in group B than
in group A at ultimate failure.

Fig. 9 shows the variation in the count index for groups
A and B with three damage stages based on the stress ratio;
the solid line (red and blue) indicates the average count
index of groups A (R1-R3) and B (R4-R8) at each stage.
The shaded zone (light red and light blue) surrounding the
solid line represents the standard deviation of the average
count index for groups A and B at each damage stage.

The count index was found to increase as the damage
stage progressed (Fig. 9). In group A, the average count
index was 1.1 times greater in stage 2 than in stage 1 and
1.2 times greater in stage 3 than in stage 1. Similarly, in
group B, the average count index was 1.1 times greater for
stage 2 and 1.3 times greater for stage 3 than that for stage
1.

In the specimens with a high p-wave velocity (group B),
the count index was greater than those with a low p-wave
velocity (group A). When the damage stage progressed
(stage 1 — 2 — 3), the count index increased from 16.5 —
17.4 — 19.9 for group A (Fig. 9). Meanwhile, the count
index increased from 21.2 — 23.3 — 27.1 for group B. This
means that the count index is sensitively changed in
specimens with a high p-wave velocity.

3.3 Characteristics of energy index
The energy index is defined as the cumulative energy

divided by the number of AE hits (i.e., energy index per unit
AE hit). Fig. 10 shows the variation in the energy index [-]

according to the stress ratio. The energy index increased
with an increase in the stress ratio. In addition, the energy
index increased dramatically at 100% of the stress ratio.

The energy index was in the range of 3-7 for the
specimens of group A (R1-R3) under uniaxial compressive
loading (Fig. 10). Meanwhile, the energy index of group B
(R4-R8) was in the range of 3—12 with the stress ratio. In
addition, the energy index increased suddenly in the range
of 10-18 in the case of partial deformation and ultimate
failure in the specimens of group B.

The energy index is defined as the cumulative energy
divided by the number of AE hits (i.e., energy index per unit
AE hit). Fig. 10 shows the variation in the energy index [-]
according to the stress ratio. The energy index increased
with an increase in the stress ratio. In addition, the energy
index increased dramatically at 100% of the stress ratio.

The energy index was in the range of 3-7 for the
specimens of group A (R1-R3) under uniaxial compressive
loading (Fig. 10). Meanwhile, the energy index of group B
(R4-R8) was in the range of 3—12 with the stress ratio. In
addition, the energy index increased suddenly in the range
of 10-18 in the case of partial deformation and ultimate
failure in the specimens of group B.

3.4 Characteristics of amplitude index

The AE signals can be analyzed using the amplitude,
which is defined as the maximum voltage in the gathered
AE waveforms. A threshold level of 40 dB was determined
to maximize the acquisition of cracking signals from rock
specimens while minimizing the acquisition of noise signals
in the AE system (Wu et al. 2000, Chen et al. 2005, Oh et
al. 2020). In the test system, 100 dB is the maximum
amplitude that can be detected for the AE signals generated
by the cracking of rock specimens. Thus, the amplitude
range is 40—100 dB.

Fig. 12 shows the variation in the amplitude index (i.e.,
amplitude per unit AE hit) according to the stress ratio
under uniaxial compressive loading. Regardless of the
material properties of the specimens, the amplitude index
was measured in the range of 45-60 dB. For the specimens
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Fig. 10 Variation in energy index with stress ratio for specimens (group A: R1-R3, group B: R4-R8)

of group A (R1-R3), the amplitude index was almost
constant at 55-58 dB when the stress ratio was increased. In
contrast, the amplitude index increased slightly with an
increase in the stress ratio for group B (R1-R3); the
amplitude indices were obtained as 50-56 dB (R4), 51-53

dB (R5), 52-55 dB (R6), 48-55 dB (R7), and 52-55 dB

(R8) when the stress ratio increased (0% — 100%).

On comparing the count and energy indices, the
amplitude index is considered an unsuitable analysis index

for evaluating the cracking of rock specimens. This

T
100

is
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Fig. 11 Variation in energy index with damage stage for group A and group B

because the amplitude has a low sensitivity from 40-100 dB
rather than the other analysis indices (e.g., count and
energy). In addition, the variation in the amplitude index
with the stress ratio was too small (within 10 dB).
Therefore, the amplitude index is used as an inappropriate
analysis index to evaluate the cracking and ultimate failure
of rock specimens.

The tendency of the amplitude index was observed to be
opposite to that of the count index and energy index; the
averaged amplitude index was found to be low for
specimens with high p-wave velocity (Fig. 13). The
amplitude index increased as 52.7 (stage 1) — 54.5 (stage
2) — 56.4 (stage 3) according to the damage stage in the
case for group B. In addition, it is clearly shown that the
amplitude index increases according to the progressive
damage stage. Meanwhile, the amplitude index varies as
56.3 (stage 1) — 56.4 (stage 2) — 56.0 (stage 3) according
to the damage stage in the case of group A. The value
shows little change according to the damage stage and
converges to 56.0 dB.

4. Discussion
4.1 Rock properties effects

The AE characteristics were affected by the material

properties of the rock under compressive loading conditions.

Given the test results, the count index and energy index
have greater values in specimens with high p-wave
velocities (Figs. 9 and 11). To investigate the AE
characteristics according to the material properties of the
rock, the dynamic (e.g., p-wave velocity) and static (e.g.,
density, UCS, and Young’s modulus) properties, which are
related to wave propagation, were considered in this study.
The detailed properties of the specimens are presented in
Table 2.

The AE indices (i.e., count, energy, and amplitude) are
plotted according to the values of the material properties of
the rock at damage stage 1 (Fig. 14), stage 2 (Fig. 15), and

stage 3 (Fig. 16). The values of the material property
correspond in a range of 2,416.7-5,833.3 m/s (p-wave
velocity), 2.62-3.06 g/cm3 (density), 18.8-143.8 MPa
(UCS), and 3.02-66.23 GPa (Young’s modulus),
respectively. To investigate the effect of rock properties on
the AE characteristics, the variation rate of the AE index
was analyzed according to the rock properties at three
damage stages.

In damage stage 1 (stress ratio in the range of 0-50%),
the count index and energy index increased by 33.2% and
25.6%, respectively, with an increase in the p-wave velocity
(Fig. 14(a)). Meanwhile, the amplitude index decreased by
7.8% with an increase in p-wave velocity. Likewise, the AE
index tended to have similar patterns in density, UCS, and
Young’s modulus. The count index and energy index
increased by 22.5% and 10.6%, respectively, and the
amplitude index decreased by 7.6% with an increase in
density (Fig. 14(b)). In addition, the count index and energy
index increased by 18.6% and 9.2%, respectively, and the
amplitude index decreased by 7.2% with an increase in
UCS (Fig. 14(c)). When the Young’s modulus increased,
the count index and energy index increased by 53.8% and
43.3%, respectively, and the amplitude index decreased by
5.8% (Fig. 14(d)).

These tendencies are similar in damage stage 2 (stress
ratio in the 50-85% range) and stage 3 (stress ratio in the
85-100% range). In damage stage 2, the count index and
energy index increased by 39.1% and 31.1%, respectively,
with an increase in the p-wave velocity (Fig. 15(a)).
Meanwhile, the amplitude index decreased by 5.4% with an
increase in p-wave velocity. The count index and energy
index increased by 20.9% and 7.5%, respectively, and the
amplitude index decreased by 5.1% with an increase in
density (Fig. 15(b)). In addition, the count index and energy
index increased by 26.6% and 18.7%, respectively, and the
amplitude index decreased by 5.1% with an increase in the
UCS (Fig. 15(c)). Finally, the count index and energy index
increased by 41.4% and 37.8%, respectively, and the
amplitude index decreased by 4.2% with an increase in the
Young’s modulus (Fig. 15(d)).
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Fig. 12 Variation in amplitude index with stress ratio for specimens (group A: R1-R3, group B R4-R&)

In damage stage 3, the count index and energy index
increased by 42.0% and 42.7%, respectively with an
increase of p-wave velocity, whereas the amplitude index

decreased by 2.4% when the p-wave velocity increased (Fig.

16(a)). The count index and energy index increased by

30.3% and 26.0%, respectively, and the amplitude index
decreased by 2.5% with an increase in density (Fig. 16(b)).
In addition, the count index and energy index increased by
29.3% and 25.1%, respectively, and the amplitude index
decreased by 1.3% with an increase in UCS (Fig. 16(c)).
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Fig. 14 AE index variation according to material properties at damage stage 1 (stress ratio: 0—50%) for granite specimens

The count index and energy index increased by 50.2% and
53.9%, respectively, and the amplitude index decreased by
5.7%, increasing the Young’s modulus (Fig. 16(d)).

Given the above results, it is evident that the count
index and energy index increase with higher values of
material properties, while the amplitude index shows a

decreasing trend under similar conditions. These trends are
particularly pronounced in damage stage 3, indicating a
greater sensitivity of AE indices to variations in material
properties as the damage stages progress. This pattern
highlights a clear relationship between AE parameters and
the scale of cracks, which is closely linked to the internal
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Fig. 15 AE index variation according to material properties at damage stage 2 (stress ratio: 50—85%) for granite specimens

structure and heterogeneity of rock samples.

The variation of AE parameters (counts, energy,
amplitude) is directly related to the scale of cracks within
the rock samples. This relationship highlights the
importance of considering the internal structure and
heterogeneity of rock samples when analyzing AE
characteristics. Moreover, discussions on macroscopic
failure predictability and its relationship with AE
parameters, such as rock samples with different p-wave
velocity, density, UCS, and Young's modulus, would
provide valuable insights. As demonstrated in Fig. 7, which
illustrates first-order and second-order phase transitions
with cumulative AE hits for different rock samples, such
predictability is evident. These phase transitions are
influenced by the heterogeneity of the rock samples and
play a crucial role in understanding macroscopic failure
behavior (Cartwright-Taylor et al. 2020, Mo et al. 2023).
Therefore, further exploration of these relationships would
enhance our understanding of AE characteristics in rock
mechanics and improve the predictability of macroscopic
failure based on AE parameters and material properties.

4.2 Determination of optimal AE index with rock
property

When the material properties are considered to
recognize cracking in the rock medium using AE
parameters, the most appropriate analysis index is
determined as the count index. The variation in the
amplitude index was insignificant according to the rock
properties (Figs. 14-16). Furthermore, the sensitivity of the
amplitude was lower than that of the count and energy.
Although the energy index showed a significant increase
rate with variation in rock properties in all damage stages,
the change in absolute values was too small (values were
approximately 3—8). The energy index has limitations in the
application of rock stability monitoring. Therefore, the
count index, which has a high sensitivity for recognizing
cracking in rock specimens, was evaluated as an effective
analysis index to monitor rock damage using the AE
technique.

Among the material properties of rock specimens,
Young’s modulus and p-wave velocity were estimated to be
sensitive properties for the count index. In damage stage |
(Fig. 14), the increase rate of the count index is greater for
Young’s modulus of approximately 30% than that for the
density and UCS; the increase rate of the count index is
greater for a p-wave velocity of approximately 10% than
that for the density and UCS. In damage stage 2 (Fig. 15)
and 3 (Fig. 16), similarly, the increase rate of count index is
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Fig. 16 AE index variation according to material properties at damage stage 3 (stress ratio: 85—-100%) for granite specimens

Table 4 Correlation matrix for AE indices and rock
properties at damage stage 1

Table 5 Correlation matrix for AE indices and rock
properties at damage stage 2

cl EI Al vy p UCS E

Cl EI Al Vp p ucs E

Ccl 1.000

EI  0.841 1.000

Al -0.643 -0.534 1.000

Vy  0.669 0.465 -0.927 1.000

p 0.364 0.107 -0.681 0.717 1.000

UCS 0362 0.127 -0.689 0.847 0.592 1.000

E 0828 0.558 -0.782 0924 0.594 0.721 1.000

CclI 1.000

EI 0940 1.000

Al -0.524 -0.327 1.000

Vp  0.757 0.558 -0.896 1.000

p 0.391 0.104 -0.745 0.717 1.000

Ucs 0.523 0313 -0.827 0.847 0.592 1.000

E 0780 0.625 -0.716 0.924 0.594 0.721 1.000

CI: Count Index, EI: Energy Index, 4I: Amplitude Index

greater for Young’s modulus by approximately 20% than
the density and UCS; the increase rate of count index is
greater for p-wave velocity by approximately 15% than the
density and UCS.

These trends can be identified through correlation
matrix analysis. Tables 4 to 6 present the Pearson’s
correlation coefficients corresponding to each damage
stage. Correlation matrix analysis was performed in
accordance with the statistical process outlined by Triyaki
(2008). Pearson’s correlation coefficient, ranging from -1 to
1, indicates negative correlation as values approach -1, and

positive correlation as values approach 1. From the analysis,
the count index exhibits stronger correlations with rock
properties compared to the energy index and amplitude
index. Furthermore, significant Pearson’s correlation
coefficients were observed with p-wave velocity and
Young’s modulus, with these relationships becoming more
discernible as the damage stage progressed (1—3).
Therefore, considering the material properties of rock is
important to detect cracking in a rock medium using an AE
monitoring technique. In a rock medium, the p-wave
velocity depends on porosity because the AE wave
propagates through the particles in the rock (Zhukov and
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Table 6 Correlation matrix for AE indices and rock
properties at damage stage 3
cl EI Al v, P) UcS E

Ccl  1.000

EI 0972 1.000

Al -0.769 -0.702 1.000

Vy, 0.848 0.780 -0.771 1.000

P 0.512 0.360 -0.515 0.717 1.000

Uucs 0.636 0.567 -0.562 0.847 0.592 1.000

E 0.954 0901 -0.905 0.924 0.594 0.721 1.000

Kuzmin 2020). In addition, the particle arrangement is
disturbed when an external force is continuously applied
tothe medium. Consequently, the porosity increases, and the
dynamic characteristics (e.g., p-wave velocity) change due
to rock crack generation (Yang et al. 2017). In addition, the
static characteristics (e.g., density, UCS, and Young’s
modulus) are strongly related to the p-wave velocity, which
increases with UCS and Young’s modulus (Chawre 2018).

5. Conclusions

The AE technique has been used to estimate rock
deformations in underground environments with limited
accessibility. To explore the AE characteristics according to
the rock properties and damages, a uniaxial compressive
test was conducted using an AE measurement system to
analyze the AE characteristics (i.e., count index, energy
index, and amplitude index) with three damage stages. The
concluding remarks are as follows.

e The count index and energy index were evaluated to be
approximately 30% greater for specimens with high
velocity (group A) than for those with low velocity
(group B) at all damage stages. Meanwhile, the
amplitude index tended to be greater in group B than
in group A. In addition, the AE indices (i.e., count
index, energy index, and amplitude index) increased
with the progress in the damage stages under uniaxial
loading conditions.

*  When the damage stage progressed (damage stage 1 —
3), the count index and energy index increased by 21—
28% and 32-47%, respectively. Meanwhile, the
amplitude index converged to 56 dB as the damage
stages progressed.

e The material properties affecting the AE
characteristics were determined using the p-wave
velocity, density, UCS, and Young’s modulus. The AE
index was sensitive to changes in the p-wave velocity
and Young’s modulus at all damage stages.

e The most appropriate analysis index is the count index,
which has high sensitivity according to the rock
properties and damage stages. Meanwhile, the energy
index and amplitude index were evaluated as less
sensitive indices because the variation in absolute
values was too small.
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